Disruption of the blood-brain-barrier (BBB), a crucial event for the entry of inflammatory cells into brain, is a prerequisite for the pathogenesis of many cerebral diseases. Oxidative stress is one of the well-known factors that accounts for the leakage of the BBB, which can be alleviated by the activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway. Isoastragaloside I (ISOI) is a cycloartane glycoside isolated from Radix Astragali, a clinical widely used traditional Chinese medicine. In the present study, the effect of ISOI on LPS-induced bEnd.3 cells was assessed and the underlying molecular mechanisms were investigated. Our results showed that ISOI pre-treatment inhibited the reduction of TEER, prevented the increase of NaF extravasation and ROS production, and rescued the down- 
Introduction
The blood-brain barrier (BBB) is a highly selective permeability barrier between the circulating blood and the brain extracellular uid in the central nervous system (CNS). It maintains a stable environment for neurons to function properly by controlling the inux and efflux of substances in the brain. Disruption of the BBB is a crucial event occurring in the pathogenesis of many cerebral diseases that are accompanied with the inltration of inammatory cells, 1 leading to the BBB permeability breakdown. The leakage of the BBB compromises synaptic and neuronal function, resulting in neurological dysfunction such as cognitive decline and dementia.
2-5 Tight junction (TJ) proteins, such as occludin, claudin, and zonula occludens (ZO) sealing the space between adjacent brain endothelial cells, are important components of the BBB.
3,6 TJ protein degeneration is concurrent with BBB leakage, which can be found in Parkinson's disease, Alzheimer's disease, intracerebral hemorrhage and cerebral ischemia. [7] [8] [9] [10] [11] Therefore, drugs sustaining BBB permeability may facilitate the relief of cerebral diseases.
Many factors exacerbate the leakage of the BBB, among which oxidative stress is a well-known factor for its deleterious effect on the permeability. 12 Besides of regulating the magnitude of leukocyte extravasation into brain parenchyma, oxidative stress also can increase BBB permeability through modulating TJ protein expression. 13 Nuclear factor erythroid 2-related factor 2 (Nrf2), a transcription factor, plays an important role in resistance to oxidative stress. It trans-activates the transcription of its downstream antioxidant defense enzymes, including hemeoxygenase 1 (HO-1) and NAD(P)H:quinone oxidoreductase I (NQO-1), and thus mitigates the damage of oxidative stress.
14 Indeed, activation of Nrf2 signaling aer brain injury has been shown to restore the loss of TJ and prevent BBB disruption, 15, 16 indicating its protective role in BBB integrity.
Isoastragaloside I (ISOI) is one of the active components of Radix Astragali, a famous traditional Chinese medicine used widely in clinic, with beneting qi and nourishing blood activities. 17 It has been found to alleviate hyperglycemia, glucose intolerance, and insulin resistance in both dietary and genetic obese mice by increasing the circulating adiponectin.
17 So far, however, little is known about the effect of ISOI on the integrity of BBB under inammatory condition. In present study, the effect of ISOI on LPS-induced bEnd.3 cells, an immortalized mouse brain endothelial cell line commonly used as in vitro BBB model, was evaluated and its possible underlying molecular mechanism was explored. Our results indicated that ISOI could maintain the integrity of BBB and prevent monocyte adhesion to the endothelial cells under inammatory condition, the action of which might be exerted through activating Nrf2 mediated antioxidant defense system. The ndings may pave the road for the clinical application of ISOI in the therapy of cerebral diseases.
Materials and methods

Cell culture
bEnd.3 cells obtained from ATCC were cultured in RPMI-1640 medium containing 25 mM HEPES (Wisent Inc., China), 10% fetal bovine serum (FBS, Gibco, Australia) and 1% penicillin/ streptomycin. HEK293T cells obtained from Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China) were cultured in DMEM medium containing 10% FBS (Gibco, Australia) and 1% penicillin/streptomycin. The murine dendritic cell line JAWS II was purchased from ATCC (CRL-11904™) and maintained in MEM medium supplemented with 5 ng mL À1 GM-CSF (Peprotech, USA) and 20% FBS. All cells were cultured at 37 C in a humidied incubator with 5% CO 2 .
Transendothelial electrical resistance (TEER) measurements
TEER is an indicator for the evaluation of the integrity of the BBB, 18 which can be monitored with an electrical resistance system (Millicell ERS-2 epithelial volt-ohm-meter, Millipore, USA). bEnd.3 cells were seeded at a density of 2 Â 10 5 cells per mL in 24-well transwell inserts (0.4 mm pore size, Corning, USA). Four days later, the cells were treated with ISOI (0, 25, 50 and 100 mM) for 2 h followed by LPS (1 mg mL À1 ) stimulation.
Thereaer, the TEER was measured aer LPS and ISOI cotreatment for 1, 3, 6, 12 and 24 h, respectively. The resistance measurements of cell-free lters were set as background resistance and were subtracted from that of the sample lters. The values of the treatment groups were presented as the percentage of that of the control group.
Sodium uorescein (NaF) transendothelial ux assay NaF is a small molecule used as a permeability indicator. The ux of NaF across endothelial monolayers was determined as previously described. 19, 20 Briey, the cells were cultured in the 24-well transwell inserts for 4 days as aforementioned. Aer pretreated with ISOI (0, 25, 50 and 100 mM) for 2 h, the cells were challenged with LPS (1 mg mL À1 ) for 24 h. Consequently, NaF diluted in Hanks' Balanced Salt Solution (HBSS) to the nal concentration of 100 mg mL À1 was loaded onto the luminal side of the lters (250 mL per well). Meanwhile, the lower compartments were added with fresh HBSS (1 mL per well). Sample solutions were collected from the lower compartments at 5, 10 and 20 min, respectively, and immediately replaced with the same volume of fresh HBSS. The concentration of NaF was determined using a uorescence multiwell plate reader (Ex (l) and LPS, respectively. Data were analyzed by one-way analysis of variance with Dunnett's test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. LPS group.
485 nm; Em (l) 530 nm). The values of the treatment groups were presented as the percentage of that of the control group.
Reactive oxygen species (ROS) measurement
Intracellular ROS level in bEnd.3 cells was detected by 2 0 ,7 0 -dichlorodihydrouorescein (DCFH) as described previously.
21
Aer ISOI pre-treatment for 2 h and co-treatment with LPS for another 24 h, the cells were incubated with 20 mM DCFH for 30 min. The dye was removed and washed twice with fresh HBSS. Fluorescence of the cells was measured immediately using a uorescence microplate reader (Ex (l) 485 nm; Em (l) 535 nm). The values of the treatment groups were shown as the percentage of that of the control group.
Western blotting analysis
The cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitor cocktail on ice for 30 min, then sonicated for 30 s. Aer centrifuged at 12 000 rpm for 15 min at 4 C, the supernatants were collected and the protein concentration was quantied by BCA method. Total proteins (30 mg per sample) were separated by 10% SDS-PAGE and transferred onto PVDF membranes by wet transfer approach. The membranes were blocked with 5% (w/v) BSA solution and incubated with respective primary antibodies against ZO-1 (1 : 1000, #ab59720, Abcam, UK), occludin Immunocytochemistry bEnd.3 cells seeded on coverslips in 24-well plates coated with rat tail collagen type I (#354236, Corning, USA) were pre-treated with ISOI for 2 h followed by LPS stimulation for 12 or 24 h. Thereaer, the cells were subjected to immunocytochemical staining as described previously. 22 In brief, the cells were xed with 4% PFA for 15 min followed by permeabilization with 0.3% Triton-X-100 in PBS for 10 min. Aer blocked with 3% normal donkey serum for 1 h at room temperature (RT), the cells were incubated with primary antibodies against ZO-1 (1 : 50) and Nrf2 (1 : 50) at 4 C overnight followed by incubation with Alexa- Data were analyzed by one-way analysis of variance with Dunnett's test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. LPS group.
488 conjugated second antibody (1 : 500) for 1 h at RT. The coverslips were mounted on glass slides with Vector mounting medium containing DAPI. Fluorescent pictures of the cells were taken under Olympus DX81 uorescent microscope.
Real-time PCR analysis
Total RNA was extracted using TRIzol reagent (Life Technologies) and transcribed into cDNA with RevertAid First Strand cDNA Synthesis Kit (Thermo). The obtained cDNA was used as the template for the quantitative real-time PCR (qPCR) analysis, which was performed using SYBR Premix EX Taq (Roche) under the suggested conditions. The primers used for PCR ampli-cation were listed in Table 1 . Quantity of the target genes calculated by comparative C t method was normalized to that of b-actin (endogenous reference) in the same sample.
Monocyte adhesion assay
The monocyte adhesion assay was performed as mentioned previously. 23 bEnd.3 cells were cultured in 96-well plates and cotreated with LPS and ISOI for 24 h as aforementioned. JAWS II cells were loaded with 1 mM calcein red™ dye (#22010, AAT Bioquest, USA) for 30 min aer starvation for 6 h, and were diluted to a density of 2 Â 10 6 cells per mL. Consequently, JAWS II cells were added onto the endothelial monolayers and co-cultured for 1 h at 37 C in an incubator. Aer adhesion, the monolayers were washed three times with HBSS to remove the non-adherent cells.
The uorescence of the attached JAWS II cells was acquired with a uorescent microplate reader (Ex (l) 540 nm; Em (l) 585 nm).
Nrf2 luciferase reporter assay
To investigate the effect of ISOI on Nrf2 transactivation, HEK293T cells cultured in 96-well plate (1 Â 10 4 cells per well)
were transiently transfected with Nrf2/ARE luciferase reporter plasmid (Qiagen, Germany) and Renilla luciferase plasmid. Eight hours later, the cells were stimulated with ISOI (25, 50 and 100 mM) for 24 h. Thereaer, the cells were harvested, of which the rey and Renilla luciferase activities were measured using dual-luciferase reporter assay system (Promega, USA). The nal Nrf2 activity was expressed by normalizing rey luciferase activity to the Renilla luciferase activity within the same sample.
siRNA transfection
bEnd.3 cells were cultured in 6-well plates (4 Â 10 5 cells per well). Aer 24 h, the cells were transfected with Nrf2 siRNA and control siRNA (GenePharma, China) using Lipofectamine® LTX & Plus Transfection Reagent (Life Technologies) according to the manufacturer's protocol. Twelve hours later, the cells were pre-treated with ISOI (100 mM) for 2 h followed by LPS stimulation for 12 or 24 h. Protein samples were extracted from the cells for western blot analysis.
Statistical analysis
All data were presented as mean AE SEM. Differences among groups were analyzed by one-way analysis of variance with Dunnett's test using Prism 5.0 soware (GraphPad Soware, ISOI + LPS denoted that the cells were co-treated with ISOI (100 mM) and LPS. Data were analyzed by one-way analysis of variance with Dunnett's test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. LPS group.
Inc., La Jolla, CA, USA). The value of P < 0.05 was considered statistically signicant.
Results and discussion
ISOI prevented LPS-induced tight junction disruption in bEnd.3 cells
BBB dysfunction is an integral feature of many neurological disorders. Tight junctions are essential for the maintenance of BBB function, which not only create a paracellular diffusion constraint but also enable the vectorial transport across the endothelial monolayer. 27 bEnd.3 cell is a convenient and useful model for the functional evaluation of drugs on BBB, 24 since it highly expresses tight junction proteins, such as ZO-1, occludin and claudin-5. To assess the effect of ISOI on BBB integrity, the TEER and transendothelial NaF ux of bEnd.3 cells upon LPS stimulation were measured, respectively. As shown in Fig. 1A , LPS stimulation for 1, 3, 6, 12 and 24 h resulted in signicantly reduced TEER of bEnd.3 cells (P < 0.001). ISOI pre-treatment at 25, 50 and 100 mΜ prevented the descent of the TEER (P < 0.05, P < 0.01 or P < 0.001). Accordingly, LPS stimulation increased the permeability of bEnd.3 cells as more NaF passed through the cell layer (Fig. 1B , P < 0.01 or P < 0.001). ISOI pre-treatment lessened the extravasion of NaF markedly (P < 0.05 or P < 0.001). In terms of tight junction proteins, compared to the control, LPS stimulation reduced the expression of ZO-1 in the cell membrane of bEnd.3 cells, which could be rescued by ISOI pre-treatment ( Fig. 2A-C) . Moreover, ISOI pre-treatment signicantly prevented the decrease of occludin and claudin-5 ( Fig. 2B and C, P < 0.01 and P < 0.05, respectively). Disrupted tight junctions are closely associated with BBB dysfunction characterized by increased permeability but reduced selectivity of BBB. ISOI treatment elevated the electrical resistance while reduced the permeability of LPS-stimulated bEnd.3 cells and enhanced the expression of tight junction proteins, including ZO-1, occludin and claudin-5, at either mRNA or protein level, indicating that ISOI could effectively mitigate the permeability breakdown and sustain the integrity of BBB under inammatory condition.
ISOI ameliorated monocyte adhesion in bEnd.3 cells stimulated with LPS
Under inammatory condition, activated brain endothelium attracts monocyte adhesion and mediates their transmigration across BBB. As shown in Fig. 3A , LPS stimulated bEnd.3 cells attracted more JAWS II adhesion compared with the unstimulated ones (P < 0.001), which could be signicantly attenuated by ISOI pre-treatment (P < 0.05 or P < 0.01). Furthermore, ISOI down-regulated pro-inammatory cytokine's mRNA level, such as IL-1b and TNF-a, upon LPS stimulation ( Fig. 3B , P < 0.001). Activation of the pro-inammatory cytokines increases integrins such as VCAM-1 and ICAM-1 in brain microvessel endothelial cells, thus, enhances the interaction between monocytes and endothelial cells. 25, 26 Therefore, the effect of ISOI on the expression of VCAM-1 and ICAM-1 was next examined. As displayed in Fig. 3C , LPS stimulation enhanced the mRNA expression of both VCAM-1 and ICAM-1, which was suppressed by ISOI pre-treatment. Moreover, ISOI also restrained the increase of VCAM-1 at protein level upon LPS stimulation (Fig. 3D) . These results implicated that ISOI could mitigate monocyte adhesion to endothelial cells and suppress their further transmigration across BBB.
ISOI activated Nrf2 signaling pathway in bEnd.3 cells stimulated with LPS ROS, such as superoxide, hydrogen peroxide, and hydroxyl radicals, are continuously produced in aerobic organism, the level of which is strictly modulated under physiological condition by the antioxidant defense system. However, oxidative stress and subsequent damage occur when the production of ROS overwhelms the cellular antioxidant capacity. 28 It is wellknown that DCFH is one of the uorescent probes used for the assessment of cellular ROS level, which is oxidized into dichlorouorescein (DCF) by ROS. As shown in Fig. 4A , LPS stimulation markedly increased the accumulation of DCF in cells (P < 0.01). ISOI treatment at 25, 50 and 100 mΜ could counteract the elevation of DCF (P < 0.001). Oxidative stress has been demonstrated to be one of the factors induce endothelial cells dysfunction, which can be alleviated by the activation of Nrf2 through induction of a variety of antioxidant proteins that exert cytoprotective effects.
29 Nrf2 modulates the downstream gene expression by binding to antioxidant response element (ARE) in endothelial cells. 30 As displayed in Fig. 4B , ISOI treatment at 25, 50 and 100 mΜ could signicantly enhance Nrf2-luciferase activity in HEK293T cells (P < 0.05 or P < 0.01). Consistently, ISOI increased the nuclear uorescence of Nrf2, suggesting that ISOI enhanced the nuclear translocation of Nrf2 ( Fig. 4C and D) . Furthermore, it rescued the down-regulated protein expression of Nrf2, HO-1 and NQO1 induced by LPS (Fig. 4E and F , P < 0.05 and P < 0.01). These results indicated that ISOI could activate Nrf2 signaling pathway and exert an antioxidant effect.
Activation of Nrf2 has also been suggested to mediate the production or expression of pro-inammatory mediators, including cytokines TNF-a and IL-1b, chemokines, integrins VCAM-1 and ICAM-1, matrix metalloproteinases, cyclooxygenase-2 and inducible nitric oxide synthase. 31 Moreover, it suppresses TNF-a or IL-1b induced MCP-1 and VCAM-1 expression and monocyte adhesion in endothelial cells. 30, [32] [33] [34] [35] [36] To conrm the role of Nrf2 signaling pathway in the protective effect of ISOI on LPS-stimulated bEnd.3 cells, it was transiently knocked down with siRNA technique (Fig. 5A ). As shown in Fig. 5B and C, when Nrf2 was silenced, LPS could not suppress the expression of tight junction proteins, including ZO-1, occludin and claudin-5. Meanwhile, ISOI did not show signi-cant effect on these tight junction proteins. By contrast, LPS induced prominent expression of VCAM-1 in Nrf2 silenced bEnd.3 cells (Fig. 5D , P < 0.001). However, ISOI pretreatment did not reverse the elevation of VCAM-1 induced by LPS stimulation. These results suggested that ISOI could prevent further inammatory injury to BBB through activating endothelial Nrf2 signaling pathway, thus, reduced monocytes transmigration across BBB into CNS.
It is well-known that NF-kB is a ubiquitous pro-inammatory transcription factor which mediates inammatory response by regulating the expression of downstream inammatory genes encoding cell adhesion molecules and cytokines, such as TNF-a, IL-1b and VCAM-1. [37] [38] [39] Tremendous reports implicated the cross-talk between Nrf2 and NF-kB signaling pathway, in which Nrf2 activation was found to directly inhibit NF-kB signaling. 38, [40] [41] [42] [43] However, in the present study, we do not know whether the inhibitory effect of ASI on the inammatory responses in bEnd.3 cells via Nrf2 activation was dependent on NF-kB signaling pathway, which still need further investigation in the future.
Collectively, ISOI could maintain the BBB integrity and reduce monocyte adhesion to BBB endothelial cells stimulated by LPS, the effect of which was probably mediated by alleviation of oxidative stress through activating Nrf2 pathway. Our results indicated that ISOI could be a potential neuroprotective drug acting on BBB.
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